in vitro mucus assay was developed to study the role of mucus gel and secretory immunoglobulin A (slgA) in preventing attachment of Campylobacterjejuni to INT 407 cells. An overlay of rabbit small intestinal mucus was found to impede the attachment of C.jejuni to a monolayer of INT 407 cells. Mucus from rabbits previously colonized with C. jejuni was found to completely inhibit bacterial adherence to the underlying cells. Anti-Campylobacter sigA was readily detected in mucus samples from previously exposed rabbits and was responsible for eliminating bacterial adherence to the INT 407 cells. This was show'n by loss of inhibition after mucus absorption with Campylobacter cells. sigA-containing mucus caused aggregation of the C. jejuni cells within the mucus layer of the assay system. Nonimmune mucus and slgA alone were unable to cause bacterial aggregation, suggesting a cooperative role for mucus and sigA. Antibodies responsible for adhesion inhibition were cross-reactive among several Campylobacter strains and were not directed solely against flagellar antigens.
ocidal (10) . Using an experimental cholera infection model.
Microbiol. 1986. B-237. p. 63). Freter (11) showed that Vibrio cholerae remained viable in
The mucus layer that covers the intestinal epithelium is a the presence of specific slgA but lost its ability to persist in substantial structure (25) . consisting of a heterogeneous the intestine. Rapid clearance of Campylohacterjcjuni from mixture of proteins and very large molecular weight gl,,othe intestines of immune rabbits has also been shown (3).
proteins called mucins (5). slgA appears to bind to mucin Several mechanisms may explain these events.
glycoproteins through hydrogen or disulfide bonds (5. 10). In It is possible that sIgA exerts this protective effect by addition, the hinge region of the human IgA molecule is binding to the bacterial surface and causing aggregation of similar in both amino acid and carbohydrate properties to the bacteria (14) . The presence of antibody-antigen cornintestinal mucin glycoproteins (13). These structural similarplexes in the gut is known to stimulate the production and ities tend to make sIgA more soluble in mucus than other flow of mucus (17) . Trapping of pathogens within the mucus classes (or subclasses) of immunoglobulins. This property and their subsequent expulsion have been observed for has led some to suggest that sigA may form a monolayer of Salmonella sp. (23). Vihrio spp. (11) . and the Trichine/la antibodies at the mucoluminal interface as a barrier to parasite (1).
pathogens (13). sigA-coated bacteria may also be unable to move toward We report here the use of an in vitro mucus assay to assess or bind to specific receptor sites necessary for persistence on the interactions of C. jejuni with tissue culture cells overlaid the mucosal surface. Williams and Gibbons (27) noted that with mucus from normal rabbits and from rabbits previously streptococci present in human saliva were coated with sIgA challenged with C. jejuni. A cooperative role for campyloand that the presence of this sIgA significantly reduced the bacter-specific sIgA and mucus in preventing bacterial adnumber of bacteria able to bind to human buccal cells. In herence through aggregation of bacteria ,Aas suggested. addition. Magnusson and Stjernstrom (23) noted that sIgAcoated salmonella carried a reduced negative surface charge and that their affinity for the layer of mucus that covers the MATERIALS AND METHODS mucosal surface was increased.
Bacteria washed with HH buffer to remove nonadherent bacteria. sodium dodecyl sulfate (SDS) to each well and reincubating the plates foi 2 it. Sample, (0.25 ro.! were ,en removed, and immunosorbent assay IELISAI titer, <20) in this assay (data the level of radioactivity was determined, not shown). The peroxidase substrate used in the sIgA Rabbit immunization. New Zealand White rabbits (Dutch-ELISA was ABTS (2.2'-azino-dil3-ethyl-benzthiazoline lands Labs, Inc., Denver. Pa.) were fed approximately 10l" sulfonatel) and was measured at 414 ltm. CFU of live C. jejuni HC by the method of Cray et al. (7).
Flagellum preparation. C. fjeuni HC flagellar antigen, used Rabbits were subsequently challenged with the RITARD in adsorption and ELISA studies, was isolated by a modifiprocedure (4). Immunity was assessed by a rise in sIgA titer cation of the method of Logan and Trust (20) . The acid and rapid clearance of the bacteria (Burr et al., Abstr. Annu.
dissociation step was omitted to ensure the recovery of Meet. Am. Soc. Microbiol. 1986).
large-molecular-weight flagella with unaltered antigenic Preparation of intestinal mucus. Rabbit small intestinal sites. Flagellum preparations were examined by high-presmucus was prepared by the method of Laux et al. (18) . sure liquid chromatography. Samples were run on a Waters Mucus samples were collected from normal rabbits and from 840 (Waters Associates. Inc.. Milford. Mass.) high-pressure rabbits previously coloiized with C. jejuni HC. All mucus liquid chromatography by using a WISP 710 injection system preparations were dialyzed against HH b:tffer. pH 7.4. and with an SW-125 Protein-Pak exclusion column. The running adjusted to a protein concentration of 1.0 mg/ml. Protein was buffer was 10 mM Tris, pH 8.0. and the flow rate was 0.5 measured by the method of Lowry et al. (221. Some mucus ml/min. Flagellum preparations were also examined by SDSsamples were adsorbed with approximately 5 x 10" CFU of polyacrylamide gel electrophoresis. Samples were sus-C. jejuni HC or E. coli K-12 for 1 h at 4'C. Bacteria were pended in 20 mM Tris, pH 7.4. and solubilized in SDS buffer subsequently remoed by centrifugation, and the adsorbed by boiling for 5 min. Electrophoresis was done by using 4%, mucus was stored at 20'C.
stacking gels and 9 to 16,; gradient separation gels. Gels Mucus inhibition assay. The INT 407 cell adhesion assay were run at a constant current of 10 mA per gel until the was used to study the ability of campylobacter strains to tracking dye entered the separating gel: the current was then attach to INT 41)7 cells overlaid with a layer of intestinal increased to 15 mA per gel. Phosphorylase b (molecular mucus. Polystyrene wells containing monolayers of INT 407 weight, 92.0({X)1 BSA (66,2({)). ovalbumin (45.0()). carbonic cells were washed twice with 0.5 ml of HI-I buffer. Immedianhydrase (31(100). soybean trypsin inhibitor (21,500)1, and ately after the wells were washed, 0.4 ml of rabbit small lysozyme (14,4(8) ) served as molecular weight standards. intestinal mucus (1.0 mg of protein per ml) w as added to each Protein bands were visuali/ed by Coomassic blue staining. well. Bovine serum albumin (BSA; 1.0 ing/m) was addcd to Collection of intestinal secretions. The lavage technique of control wells. C. j'jni cells were washed in HH buffer and Elson el al. (9) was used to collect intcstinal secretions for resuspended to an optical density of 0.95 at 60) nm. After rabbits before and after infection with C..frjuni HC. Somze mucus or BSA had been added to the wells, 0.25 ml of C.
lavage samples from rabbits infected with ('Juni ItC were jejuni was carefully added to each well. The bacterial samadsorbed with C. .ijitni tIC flagella. Flagella (0.3 mg of pies were allowed to run down the sides of e:w-b vel! and pr-in were ult ricentrifuged at l(0),() I i, for 1 h and across the upper surfaces of the mucus layers to reduce the suspended in 2.0 nil of lavage fluid from previously infected effects of mixing. The tissue culture plates were then incurabbits. The lavage samples were then incubated for I h at bated at 37"C for 3 h. At the end of the incubation period, the 4'C with occasional mixing. Lavage samplcs were then wells were washed, and the number of INT 4(17 cell-adherent recentrifugcd to remove the flagellum-antibody complexes bacteria was determined as described above, and stored at -20'C. sIgA EIISA. Anti-C. jejuni IgA antibody was measured in Calculations. Results were expressed as the mean of rabbit intestinal mucus samples. florseradish peroxidase triplicate sets of wells within a given experiment. All cxperconjugated to goat anti-rabbit sIgA was used to detect rabbit iments were repeated at least three times. Student's t test sitA to preparations of C. junmii ItC flagella. Goat antiwas used to determine significance. I' values exceeding 0.OS rabbit sIgA was raised against rabbit colostral IgA, affinity V', ,'o, sidrcd not siglnicaul. Numbers of adhcrent bacpurified (mant.-i-, ir nre' ,,l's"l.
and l.onjugaled to teria were calctlated from the formula: (cpm/wcll)/(cpmml iorseradish peikoaidase by Kirkegaard and Perry Laborato-X ImliCFUIJ)
C'U/well.
ries. Gaithersburg. Md.). Rabbit intestinal mucus samples were also screened for anti-C. jejuni lgG antibody by using it RESILTS horseradish peroxidase-labeled goat anti-rabbit IgG preparaMucus inhibition assay. An overlay of intestinal mucus tion. All samples were uniformly negative (enzyme-linked from normal rabbits was it greater impediment to campylo- (Table 2) . Pre-HC lavage fluid bacter adherence to INT 407 cells that was an overlay of added to normal mucus was similar in effect to mucus from BSA ( Table 1) . The mucus overlay impeded the seven tested nonimmune rabbits. C.jejuni strains to a greater extent than did the BSA overlay.
sIgA quantitation. slgA antibodies directed against C. In addition, mucus obtained from rabbits previously colojejuni HC were readily detected in both the mucus and nized with C. jejuni HC was more effective in preventing lavage samples from previously exposed rabbits. slgA titers bacterial adherence to the underlying INT 407 cells than was were measured against C. jejuni HC flagella (Table 3) . mucus from noncolonized, nonimmune rabbits. The immune Adsorption of immune mucus with whole-cell preparations mucus overlays reduced the adherence of strains HC, M .
of C. jejuni HC significantly reduced the levels of slgA, F-, BS, and BN-S to background levels. Only strain WR-6 whereas adsorption with E. colt K-12 cells had no effect showed no significant difference in its interactions with (Table 3) . immune and nonimmune mucus.
Antibodies directed against antigens other than the flagella The ability of mucus for rabbits previously colonized with must contribute to retention of the bacteria within the mucus strain HC to effectively block cell adherence suggested that layer. Lavage fluid collected from HC-infected rabbits was antibodies in the mucus could be associated with this pheadsorbed with HC flagella (Fig. I and 2 ) and used in nomenon. To determine whether this was the case, mucus subsequent inhibition assays. sIgA ELISA assays showed a from rabbits fed strain HC was adsorbed with whole-cell fourfold reduction in sigA against the flagella (Table 3) , but preparations of C. jejuni HC before being used in the mucus this reduced antibody level failed to significantly increase the inhibition assay. HC-adsorbed mucus from immune rabbits number of C. jejuni HC cells able to reach the INT 407 cells was no longer able to prevent the adherence of C.jejuni HC in the mucus inhibition assay (Table 4) . (Table 2 ). However, adsorption of HC-immune mucus with Campylobacter agglutination. Campylobacter in tissue cul-E. coli K-12 had no effect on the ability of immune mucus to ture wells containing immune mucus tended to aggregate impede C. jejuni HC (Table 2 ). E. coli K-12-adsorbed into large clumps, whereas campylobacter in normal mucus or BSA did not (personal observation). Campylobacter cells serotyping by the Penner and Lior systems (26) for these strains is not yet available, but Western blots and ELISA DISCUSSION data both confirm the presence of cross-reactive antibodies from immune rabbits (manuscript in preparation). C. jejuni is a motile, spiral-shaped organism that is ideally During infection, antibodies are made to a variety of suited for traversing the mucus gel. It is cbemotactically campylobacter outer membrane proteins (2. 26) and to the attracted to mucus (16). it is highly motile in the viscous lipopolysaccharide (21). The flagellum has been identified as environment of the mucus (19), and the flagellum does not one of the immunodominant antigens of C. jejutni (26). bind to the mucus glycoproteins (24). Hazell and Lee (15) Adsorption of immune lavage fluid with C.jejni HC flagella described mucus as "principally a medium nermitting the reduced the sIgA titer against this antigen but failed to passage of the bacterium to its colonization site. However, improve adherence by C. jejuni HC ( Table 4 ). These data we have shown that its ability to adhere to mucus-covered suggest that sIgA antibody is likely to be directed against cells is affected by the presence or absence of sigA. The additional antigens on the bacteria surface. This observation inhibition assay also demonstrated cross-reactivity among is supported by our data showing similar effects on immune C. jjutni strains and the importance of mucosal antibodies mucus preparations on flagellated (I -. 
